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Embryonic Stem Cell Lines 
Derived from Human 
Blastocysts 
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Human blastocyst -derived, plurfpotem cell lines are described that have normal 
karyotypes, express high levels of telornerase activity, and express cell surface 
markers that characterize primate embryonic stem celts but do not characterize 
Other early lineages. After undifferentiated proliferation tn vftro for 4 to 5 
months, those celts still maintained tto developmental potential to form tro- 
phoblast and derivatives of all three embryonic germ layers, Including gut 
epithelium (endoderm); cartilage, bone, smooth muscle, and striated musde 
(mesoderm); and neural epithelium, embryoric ganglia, and stratified squamous 
epithelium (ectoderm). These cell lines should be useful in human develop- 
mental biology, drag discovery, and transplantation medldne. 


Iknbryonic stem (ES) cells are derived 
from totipotent cells of the catty 
lian embryo and are capable of unlimited, 
undifferentiated proliferation, in vitro (J, 2). 
In chimeras with intact embryos, mouse ES 
cells contribute to a wide range of adult 
tissues, including germ cells, providing a 
powerful approach for introducing specific 
genetic changes into the mouse genu line 
(3), the term "ES cell" was introduced to 
distinguish these embryo-derived pituipo* 
tent cells from tcratocarcinoma -derived 
pluripotent embryonal osrtinoma (EC) 
cells (2) t Given the historical introduction 
of die term "ES cell" and the properties of 
mouse ES cells, we proposed that the es- 
sential characteristics of primate ES cells 
should include CO derivation from the pre- 
implantation or periimplanration embryo, 
(ii) prolonged undifferentiated prolifera- 
tion, end (in) stable developmental poten- 
tial to form derivatives of all three embry- 
onic germ layers even after prolonged cul- 
ture (4), For ethical and practical reasons, 
in many primate species, including humans, 
Che ability of BS cells to contribute to the 
germ line in chimeras is not a testable 
property. Honhttman primate £S cell lines 
provide an accurate in vitro model for un- 
derstanding the diilfbrenfiation of human 
tissues (4, S). We now describe human cell 
lines that fulfill our proposed criteria to 
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define primate ES Cellfc, 

Fresh or frozen cleavage stage human 
embryos, produced by in vitro fertilization 
(IVF) for clinical purpose*, were donated 
by individuals after informed consent and 
after institutional review board approval. 
Embryos were cultured to the blastocyst 
stage, 14 inner cell masses were isolated, 
and five ES cell lines originating from five 
separate embryos were derived, essentially 
as described for nonhuman primate ES cells 
(J« 6). The resultiug cells had a high ratio 
of nucleus to cytoplasm, prominent nucle- 
oli, and a colony morphology similar to that 
of rhesus monkey ES cells (Fig. l).*Thrte 
cell lines (Hi, H13, and H 14) had a normal 
XY karyotype, and two cell lines (H7 and 
H9) had a normal XX karyotype. Each of 
the cell lines was successfully <ny op re- 
served and thawed, Four of the cell lines 
were cryopresorved after 5 to 6 months of 
continuous undifferentiated proliferation. 
The other cell line, H9, retained a normal 


Fig. 1. Derivation of the 
H9 cell One. (A) Irvwr 
cefl tnass-denved oeUs 
attached to mouse env 
bryor^ fibroblast feed- 
er layer after 8 days of 
Culture, 24 hours be- 
fore first <fesodattoa 
Scale bar, 100 urn (8) 
H9 colony. Scale bar, 
1<X) um (C) H9 ceils. 
Scate bar, £0 fun. (D) 
Differentiated H$ tells, 
cultured for 5 days In 
the absence of mouse 
embryonic fibroblasts, 
but In the presence of 
human UP (20 rtg/mfc 
Sigma). Scale bar. 100 
urn. 


XX karyotype after 6 months of culture and 
has now been passaged continuously for 
more than $ months (32 passages). A period 
of replicativc crisis was not observed for 
any of the Cell lines. 

The human ES cell lines expressed high 
levels of telomerase activity (Fig. 2). Telo- 
merase is a riboimcieopTOteiri that adds telo- 
mere repeats to chromosome ends and is 
involved in niamiafoing telomere length, 
which plays an important role in ceplicslive 
life-span (7, 6}. Telomexase expression is 
highly consisted with immortality in human 
cell lines* and reintroduction of telomere se 
activity info some diploid human somatic cell 
lines extends implicative lifespan (9). Dip- 
loid human somatic cells do not express tel- 
omerase, have shortened telomeres with age* 
and enter repltcauve senescence after a finite 
proliferative life-span iu tissue culture- (I(h 
75), In contrast, tetomexase is present at high 
levels in germ line and embryonic tissues 
(14). The high level of telomerase activity 
expressed by the hmnan ES cell lines there- 
fore suggests that their rcplicativo life-span 
will exceed tliat of somatic cells. 

The human ES cell lines expressed cell 
surface marker* that characterize undifferen- 
tiated nouhuman primate BS and human EC 
cells, including stage-specific embryonic an- 
tigen (SSEA)-^ SSEA-4. TRA-l-60, TRA-I- 
81, and alkaline phosphatase (Fig. 3) (4, 5, 
15, 7o). The globo-series glycolipid GL7, 
which carries the SSEA-4 epitope, is formed 
by the addition of sialic acid to the globo- 
s cries glycolipid GbS, which carries the 
SSSA-3 epitope (77, 7*). Thus, GL7 reacts 
with antibodies to both SSEA-3 and SSEA-4 
(17,18). Suuning intensity for SSEA-4 on the 
human ES cell lines was consistently strong, 
but staining intensity for SSEA-3 was weak 
and varied both wimin and among colonies 
(Fig. 3, D and C). Because GL7 carries both 
the SSEA-4 and SSBAO epitopes and be- 
cause staining for SSEA-4 was consistently 
strong, the relatively weak staining for 
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Fig. Z Telonwrssa ex- 
pression by human ES 
cettUne&MEF, Irradiat- 
ed mouse embryonic 
fibroblasts used as a 
feeder layer for the 
cefls In tones 4 to 1$ 
293. adenovtrus-trans- 
formed kidney epithe- 
Bat cell tfrte 293; MD A, 
breast cancer ceQ Une 
MDA; TSRtt, quantita- 
tion control template. 
Tttomerase activity 
was measured wtth 
the TRAPEZE Tetomer- 
ese Detection Kit (On- 

oor. Gaithersburg. Maryland}. The SS cell fries were analyzed at passages 10 to 13l About 2000 cdls 
were assayed far each telorneric repeat amplification protocol assay, and 800 cell equivalents were 
leaded in each weft^f a 125% norderi^^ 

the third sample of each triplet heat Inarift/ated for 10 Xa 15 min at BS^C before reaction to test for 
telomerase heat sensitivity flanes 6, 9. 12, 15, 18, 21, 24, and 27}. A 36-base pair internal control for 
arrtpORcatian efficiency ana quantitative analysis was run for each reaction as indicated by the 
arrowhead. Data were analyzed with the Storm 840 Scanner and ImageQuant package (Molecular 
Dynamics). Telomerase activity in the human ES cett lines ranged from 3£ to S,9 times that observed 
in the immortal human Cell line MDA On a per cell basis. 



Fig. 3. Expression of 
cett surface markers by 
H9 cells. Scale bar, 
100 urn. (A) Alkaline 
phosphatase. (B) SSEA- 
1. Un^irlferentiated cells 
failed to stain for SS£A- 
1 (targe colony left). 
Occasional colonies 
consisted of non- 
stained, central, undif- 
ferentiated otlb sur- 
rounded by a margin 
of stained* differentiat- 
ed, epithelial cdls 
(small colony, right). 
{q SSEA-3. Some 
small colonies stained 
uniformly for SSEA-3 
(colony left of center), 
but most colonies con- 
tained a mixture of 
weekly Stained cells 
and a majority of non- 
stained cells (colony 
r$rt of center), (p) 
SSEA-4. (E) TRA-1-60. 
(F) TRA-1-61. Similar 
results were obtained 
for ceU Ums HI, H7, 
HUandHK 



SSEA-3 suggests a restricted access of the 
antibody to the SSEA-3 epitope. In common 
with human EC cdls, the undifferentiated 
human ES cell lines did not stain for SSEA-l, 
but cUfTerendaiad cells stained strongly for 
SSBA-* {15) (Fig. 3). Mouse inner cell mass 
cells, ES cells, and EC cells express SSEA-l 
but do not express SSEA-3 or SSEA-4 (77, 
/?), suggesting bade species differences be- 
tween «ady mouse and human development 

The human ES cell lines were derived 
by the selection and expansion of individ- 
ual colonies of a uniform, ondifforentiated 
morphology, but none of (he ES cell lines 
was derived by the clonal expansion of a 
single ceQ, The uniform undifferentiated 
morphology that is shared by human ES 
and ncmhuman primate ES cells and the 
consistent expression by the human ES cell 
lines of cell surface- markers thai uniquely 
characterise primate ES and human EC 
ceTJa make it extremely unlikely that a 
mixed population of precursor cells was 
expanded However, because the cell lines 
were not cloned from a single cell, we 
cannot rule out the possibility that there is 
acme variation in developmental potential 
among the undifferentiated cells, in spite of 
their homogeneous appearance. 

The human £$ cell lines maintained the 
potential to form derivatives of all three 
embryonic germ layers. AH five cell lines 
produced teratomas after injection into se- 
vere combined immunodeflcient (SC1D)- 
beige mice. Each injected mouse formed a 
teratoma, and all teratomas included gut 
epithelium (endoderm); cartilage, bone, 
smooth muscle, and striated muscle (meso- 
derm); and neural epithelium, embryonic 
ganglia, and stratified squamous epithelium 
(ectoderm) (Fig. 4). In vitro, the ES cells 
differentiated when cultured in the absence 
of mouse embryonic fibroblast feeder lay- 
ers, both in the presence and absence of 
human leukemia inhibitory factor (UF> 
(Fig. 1). When grown to confluence and 
allowed to pile up in the culture dish, the 
ES cell lines differentiated spontaneously 
even in the presence of fibroblasts. After 
H9 cells were allowed to differentiate fox 1 
weeks, both a-fetoprotein (3SQS ± 14.2 
lU/ml) and hitman chorionic gonadotropin 
(hCC. 46.7 + 5.6 mlU/ml) were detected in 
conditioned culture medium. Indicating 
endoderm and trophoblast differentiation 
QO). 

Human ES cells should offer insights 
into developmental events that cannot be 
studied directly in the intact human embryo 
but that have important consequences in 
clinical areas, mcluding birth defects, in- 
fertility, aao! pregnancy loss. Particularly in 
the early postimplsntation period, knowl- 
edge of normal human development is 
largely restricted to the description of a 


limited number of sectioned embryos and 
to analogies drawn from the experimental 
embryology of other species {21). Although 
the mouse ia the mainstay of experimental 
mammalian embryology, early structures 
including the placenta, extraembryonic 
membranes, and the egg Cylinder all differ 
substantially from the corresponding struc- 
ture of the human embryo. Human ES cells 
will be particularly valuable for the study 
of the development and function of tissues 
that differ between mice and humans. 
Screens based on the in vitro differentiation 


of human ES cells to specific lineages 
could identify gene targets for new drugs, 
genes that could be used for tissue regen- 
eration therapies, and teratogenic or toxic 
compoiiuds. 

Elucidating the mechanisms that control 
differentiation will facilitate the efficient, 
directed differentiation of ES cells to spe- 
cific cell types. The standardized produc- 
tion of large, purified populations of eu- 
ploid human celfc such as cardiornyocytes 
and neurons will provide a potentially lim- 
itless source of cells for drug discovery and 
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R& 4. teratomas 
formed by the human 
ES cd fifes h SCU> 
be«ge mke. Human £3 
odG after 4 to 5 
months of culture (pas- 
sages 14 to 16) from 
about 50% confluent 
sfx-wdi plates were in* 
jected brio the rear kg 
rnusdes of 4-we<ic-old 
male SQD-be^ge mice 
(two or more fnfce per 
cteB fine). Seven to eight 
weeks after injection, 
the rea&ng teratomas 
were examined hfcto- 
logEcaftyv (A) Cutfike 
structures. Ceflline H9L 
Scale bar, 400 pin. (B) 
]basettesofneur9t«D(- 
thcthim.Cttl&ieHk 
Seal© bar. ZGO pm. (C) 
Bona Cell Ur* kK 
Scale bar, 100 jim. (D) 
Cwtfegt ceflline Ha 
Scale bar, 100 fun. (E) 
Striated muscle. Ceil 
line H15. Scale bar, ZS 
IU1V (F) Tubules rnter- 
Spersec? With struc- 
tures r^embting fetal 
glomeruli Cell tine H9< 
Scale bar. 100 urn. 


transplantation therapies. Many diseases, such 
a* Parkinson's disease and juvcnUe-onact dia- 
betes mcJlinto, result ftotntbc death or dyafemc- 
tionofjust one or a &w cell types. The itplaoe- 
znfint of thoso cells could offer lifelong treat- 
ment. Strategics to prevent immune rejection of 
&c transplanted cclb need to be developed but 
could induct banking ES cells with defined 
major Wstocompatibiliiy complo* back- 
grounds Or genetically manipulating ES 
cells to reduce or actively combat immuna 
rejection. Because of the aiuularitic* to hu- 
mans and human ES cells, rliesus monkeys 
and rhesus ES oells provide an accurate 
model for developing strategics to prevent 
immune ^ejection of transplanted cella and 
. for demonstrating the safety and efficacy of 
ES cell-based therapies, Substantial ad- 
vances hi basic developmental biology are 
required to direct ES ceils efficiently to 
lineages of human clinical importance. 
However, progrcaa has already been made 
in the in vitro differentiation of mouse ES 
cells to neurons, hematopoietic cells, and 
cardiac muscle (22-24). Progress in .basic 
developmental biology Is now extremely 
rapid; human ES cells will link this 
progress even more closely to the preven- 
tion and treatment of human disease. 
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